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Iron has four naturally occurring stable isotopes, 54 Fe, 56 Fe, 57 
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Applications of these isotopic systems rely heavily on precise and accurate determinations of isotopic compositions, and reference materials play fundamental roles in analyses. 
This article is protected by copyright. All rights reserved. 
Preparation of candidate reference materials
The single-metal solutions (CAGS-Fe, CAGS-Cu and CAGS-Zn) were prepared from high-purity Fe, Cu and Zn reference solutions provided by the National Centre of Analysis and Testing for Nonferrous Metals and Electronic Materials, Beijing, China, with certified concentrations of 1000 μg ml -1 in 1 mol l -1 HNO 3 . The Fe reference solution (1000 ml) was dispensed into 100 10 ml HDPE bottles and sealed for storage. Twenty 50 ml bottles of Cu and Zn reference materials (1000 µg ml -1 in 1 mol l -1 HNO 3 , with identical batch numbers) were combined in a single 1000 ml FEP bottle. Homogeneity was ensured by shaking. About 100 ml of each mixed solution was diluted to 100 µg ml -1 with 0.1 mol l -1 HCl, dispensed into 100 10 ml HDPE bottles, and sealed for storage.
CAGS-Basalt reference materials were prepared from olivine basalt reference material GBW 07105 from 
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material (200 mesh, 70 g in each bottle, identical batch numbers) were mixed in a FEP bottle. Homogeneity was ensured by shaking before the material was dispensed into 80 4 ml PP bottles and sealed for storage. These powders were used to test for isotopic homogeneity. The dispensed reference materials were stored at laboratory temperatures (22 ± 2 °C).
Digestion of isotopic reference materials
Basaltic reference materials BCR-2 and BIR-1(a) and CAGS-Basalt) were analysed for their Fe, Cu and Zn isotopic compositions. About 0.1 g of each was weighed accurately into 7 ml Savillex ® beakers and heated on a hotplate at 130 °C with 5 ml of a 3:1 mixture of 17 mol l -1 HF and 12 mol l -1 HNO 3 , to ensure complete dissolution. After digestion, the solutions were evaporated to dryness, redissolved in 12 mol l -1 HNO 3 , evaporated to dryness three times, dissolved in 9 mol l -1 HCl, and evaporated to dryness three times. The residues were dissolved in 2 ml of 7 mol l -1 HCl + 0.001% H 2 O 2 and centrifuged for 5 min at 4000 rpm to remove any residual solid before chromatographic separation of Fe, Cu and Zn.
Chromatographic separation of Fe, Cu and Zn
The chemical purification method and H 2 O (18.2 MΩ cm). The resin volume was adjusted to 1.6 ml, in 7 mol l -1 HCl. The column was conditioned with 6 ml 7 mol l -1 HCl + 0.001% H 2 O 2 , before a sample in 1 ml 7 mol l -1 HCl + 0.001% H 2 O 2 was loaded onto it. Matrix elements such as Na, Mg, Al, K, Ca, Ti, Cr, Ni and Mn were eluted in 10 ml 7 mol l -1 HCl, leaving Fe, Co, Cu and Zn on the resin. Cu was eluted in the following 20 ml 7 mol l -1 HCl + 0.001% H 2 O 2 . Fe was eluted with 20 ml 2 mol l -1 HCl + 0.001% H 2 O 2 , and Zn with 10 ml 0.5 mol l -1 HNO 3 . Elution sequences are summarized in Table 2 .
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The Fe fraction was evaporated to dryness, dissolved in concentrated HNO 3 , and then re-evaporated to dryness three times to remove all chloride, and re-dissolved in 0.1 mol l -1 HNO 3 prior to isotopic analysis. The Cu fraction was evaporated to dryness, and re-dissolved in 0.1 mol l -1 HCl. The Zn fraction was evaporated to dryness, dissolved in concentrated HCl, re-evaporated to dryness three times to remove all nitrate, and redissolved in 0.1 mol l -1 HCl prior to isotopic analysis.
Total procedural blanks (from sample dissolution to mass spectrometry) were 0.001 μg for Cu, 0.09 μg for Fe, and 0.006 μg for Zn, with such amounts having no effect on δ values (approximate totals processed were Cu = 3 μg, Fe = 3000 μg and Zn = 10 μg). Recoveries of Cu, Fe and Zn were 99.5% ± 0.8% (n = 3), 99.9% ± 0.3% (n = 3), and 100.7% ± 4.0% (n = 3), respectively.
MC-ICP-MS analysis
Iron, Cu and Zn isotopic compositions of the purified reference materials were determined using a Nu Plasma and Cu and Zn isotopic ratios in low-resolution mode (M/ΔM ~ 400). 54 Cr may cause isobaric interference with 54 Fe, and 54 Cr was monitored at mass 53 Cr, but Cr was removed during the chromatographic separation, and thus no correction was necessary. There are no interferences on 63 
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Results and discussion

Homogeneity of reference materials
Homogeneity is of first-order importance for reference materials, and it was achieved here through application of national regulations for reference material preparation (ISO Guide 35, 2006). Thirteen bottles each of CAGSFe, CAGS-Cu and CAGS-Zn, and thirteen bottles of CAGS-Basalt were randomly selected to test homogeneity of mixed materials. Two subsamples were taken from each bottle, with each being treated as an independent sample. Results of isotopic analyses of the replicates are expressed as X i1 and X i2 in Tables 3 and 4 , and the average of duplicate pairs by X i . Homogeneity testing was conducted under strictly the same conditions, with all tests being conducted in a single laboratory, using the same analytical method, by one analyst, and with all samples tested in the same session.
Between-bottle inhomogeneity was tested by single-factor ANOVA statistics. The experimental F ratio is the ratio of the among-bottle variance ( 
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This article is protected by copyright. All rights reserved. where v among and v within depend on the number of units from which samples are taken (m) and the number of replicate measurements for each bottle (n), with v among and v within computed as follows: (Tables   5 and 6 ) were caused mainly by the repeatability of the method, rather than inhomogeneity of the reference materials.
Stability of reference materials
The long-term stability of CAGS-Fe, CAGS-Cu, CAGS-Zn and CAGS-Basalt were evaluated by determining 
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Fe, Cu and Zn isotopic compositions of the reference materials
Reference isotopic compositions determined by inter-laboratory comparison with participating laboratories using different analytical approaches were consistent. For the intercomparison, CAGS-Fe, CAGS-Cu, CAGS-Zn and CAGS-Basalt samples were taken from different bottles for distribution. All materials were supplied as single samples. Three samples of each reference material were provided and laboratories were requested to analyse each sample three times. An overview of analytical protocols for each laboratory is provided in Table 7 .
Intercomparison results are given in Tables 8 and 9 
Conclusions
Three single-element solution reference materials and a basaltic reference material for Fe, Cu and Zn isotopic analyses were prepared. Their isotopic compositions were determined in participating laboratories by MC-ICP-
MS. CAGS-Fe, CAGS-Cu and CAGS-Zn are satisfactory choices as reference materials for Fe, Cu and Zn
isotopic analyses with their offset values from zero-delta, homogeneity, and stability being appropriate for
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application in instrument calibration and analyst training. CAGS-Basalt can be used to validate chromatographic separation and total measurement procedures, and in inter-laboratory comparisons. All these reference materials are available upon request from the Institute of Geology, CAGS.
Supporting information
The following supporting information is available in the online version of this article: Table S1 . Iron, Cu and Zn isotopic compositions of reference materials BCR-2 and BIR-1(a). 
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This article is protected by copyright. All rights reserved. Long-term analysis of GAGS-Fe over seven years gave δ 56 Fe of 0.82 ± 0.11 and δ 57 Fe of 1.21 ± 0.15 (2s; n = 734) relative to IRMM-014.
Long-term analysis of GAGS-Cu over seven years gave δ 65 Cu of 0.55 ± 0.08 (2s; n = 289) relative to NIST SRM 976.
Long-term analysis of GAGS-Zn over seven years gave δ66Zn of -0.79 ± 0.11 and δ 68 Zn of -1.59 ± 0.23 (2s; n = 271) relative to IRMM-3702. Long-term analysis of GAGS-Cu over seven years gave δ 65 Cu of 0.55 ± 0.08 (2s; n = 289) relative to NIST SRM 976.
Long-term analysis of GAGS-Zn over seven years gave δ 66 Zn of -0.79 ± 0.11 and δ 68 Zn of -1.59 ± 0.23 (2s; n = 271) relative to IRMM-3702. ccepted Article
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